Introduction
Interest in renewable energy resources has been increasing worldwide because of global warming and concern for nuclear power. Of the renewable energy resources, biomass is free from fluctuation of energy production with time and can be stored as fuel. Thus, biomass is widely utilized. However, it is not always easy to introduce biomass with the knowledge obtained so far.
Therefore, rules of thumb are key for the commercialization of this kind of process. Rules of thumb with references to the proper literature are necessary. Thus, the purpose of this review paper is to provide rules of thumb including new findings for biomass utilization technologies to facilitate its introduction to actual system. Since some of the biomass technology has already been commercialized without using the rules of thumb, this paper introduces the rules of thumb for the developing technology on thermochemical conversion. The target technologies are metal-impregnated wood treatment by carbonization, fast pyrolysis (FP), supercritical water gasification, and advanced biodiesel production. The fundamental rules of thumb for thermochemical conversion, which is the basic idea for these technologies, are also shown at the beginning, in Section 2.
Comparison of rules of thumb with this fundamental ones will help to well characterize each technology. It should also be noted that scientific background studies support the ＊ 4 CNRS, Laboratoire Réactions et Génie des Procédés -CNRS-ENSIC 1, rue Grandville -BP 20451 -54001 NANCY Cedex, France ＊ 5 Division of Energy and Environmental Engineering, Institute of Engineering, Hiroshima University 1-4-1 Kagamiyama, Higashi-Hiroshima, Hiroshima 739-8527 Japan rules of thumb for each technology, and, thus, knowing the rules of thumb will provide insight into the fundamental science of each technology, which has been the outcome of contributions so far.
Thermochemical conversion overview
When considering thermochemical conversion of biomass, which includes combustion, high-temperature gasification, flash pyrolysis, carbonization, supercritical water gasification, and transesterification for biodiesel production, knowledge of the reaction equilibria and reaction rates is required.
Overview of thermodynamic equilibria
Classic texts concerning the design of chemical "Without a knowledge of the equilibrium yield, one might be tempted to look for catalysts giving higher yields when, in fact, the present catalyst provides a sufficiently rapid approach to equilibrium."
Fundamentals
To the best of our knowledge, the first thermochemical equilibrium calculations concerning pyrolysis and steam gasification of cellulose (a surrogate biomass) were published by Antal in 1978 2) . Similar calculations for air gasification were published by Desrosiers 3) with Reed a year later.
Detailed predictions of the effects of pressure on the products of cellulose pyrolysis were given by Antal et al. in 2003 4) . The PhD thesis of Prins 5) in 2005 offers a good review of the pertinent literature. Table 1 .
Implications
While it is always possible to operate a chemical reactor far from equilibrium (e.g., by employing very short residence times without catalysts as discussed later in this review), we must be respectful of the implications of the thermochemical equilibrium predictions, which are shown in Table 2 . 
Overview of the pyrolysis of solid biomass
Unlike coal, the bulk of a biomass material is volatile when heated. This volatility of the biomass during pyrolysis is unusual for a solid fuel and offers chemical engineers unique opportunities to obtain useful products from it.
Fundamentals
Shafizadeh et al. 6) used thermogravimetry to detail the pyrolysis chemistry of whole biomass materials. This work was later complemented by the studies of Antal and . The TGA data showed high apparent activation energies that demonstrated the extraordinary temperature sensitivity of cellulose pyrolysis. However, the HS data indicated a much lower temperature sensitivity (i.e., relatively low activation energy). The review by Antal and Varhegyi 7) gives a summary of this history, and related papers 14) ～ 16) offer insights into the challenges associated with the study of cellulose pyrolysis kinetics. The rules of thumb shown in Table 3 summarize the main conclusions of these works.
Implications
The fundamentals of biomass pyrolysis discussed above have far reaching implications for the development of biofuel technologies shown in Table 4 . Fig. 3 ).
10. TGA char yields manifest considerable scatter and are much lower than predicted by thermochemical equilibrium calculations or proximate analysis. . 2. The extraordinary sensitivity of the pyrolytic reaction rate to increasing temperature, combined with the endothermicity of the pyrolysis reactions, indicates that the extraordinary heat demand must be met by equipment that attempts to evoke pyrolysis at high heating rates (i.e., high temperatures) 42) 82) ～ 84) . 3. In many cases heat transfer to the reacting biomass is unable to meet the pyrolytic heat demand, and this causes large temperature gradients that are interpreted as "thermal lag 42) ." Fig. 4 displays simulated thermal lag for a conventional TGA experiment. 4. The true sample heating rate falls almost to zero under the influence of thermal lag engendered by high heating rates (see Fig. 5 ). This fusion-like phenomena evokes a simple model (see Fig. 6 and think of ice melting) that can be used to estimate the magnitude of thermal lag incurred by small biomass samples undergoing pyrolysis (see Fig. 7 ). 5. Thermal lag can explain the low apparent activation energies (i.e., the compensation effect) reported by some researchers for the pyrolysis of small biomass samples at higher heating rates (see Table   5 .
The fundamentals of cracking the volatiles discussed above have far reaching implications for the development of the biofuel technologies shown in Table 6 . Table 6 Consequences of the rules of thumb listed in Table 5 1. As concluded 30 years ago, #4 in Table 5 These observations indicate that elevated pressure has a beneficial effect on metal retention during the thermochemical conversion of model compounds. The key reactions and processes are summarized in Table 7 with the effect of elevated pressure.
Experimental observations for CCA wood
The main observations related to CCA wood Second, the percentages of the metals volatilized depend strongly on the operating conditions of the process.
Therefore, arsenic release can be limited by very carefully choosing and controlling the operating conditions. The Table 7 Key reactions and processes influencing arsenic behavior during thermochemical treatment of (metal and organic) model compounds, and the effect of elevated pressure (in the range 0-0.5 MPa) on these reactions and processes is not used to re-oxidize As2O3 to As2O5, but to oxidize organic compounds, leading to higher reactor temperatures.
The oxygen concentration has to be strictly controlled below 1 vol% to keep the reactor temperature below 673 K (400 ℃) to limit arsenic release. A higher gas flow rate and the addition of steam mainly result in a more homogeneous reactor temperature profile. The net impact on metal retention is limited. With respect to the gas flow rate, a compromise had to be found between flows low enough to obtain a high charcoal yield and keep the hot zone confined and high enough to supply sufficient thermal power.
These observations indicate that elevated pressure also has a beneficial effect on metal retention and char .
Translation into rules of thumb
Although further research is needed to investigate the cross correlation between various parameters, the experimental observations already lead to useful recommendations for reactor design and process conditions.
These recommendations are translated into rules of thumb, which are presented in Table 8 . . It should be noted that these rules of thumb are derived from lab-scale experiments. The effects of scale-up in an industrial-scale reactor still have to be examined. 
Fast pyrolysis (FP)

Fundamentals
According to the operating conditions, the pyrolysis of biomass may give rise to very different products fractions (char, condensable vapors, gases). Severe experimental conditions corresponding to FP, increase the yields of vapors. This is the opposite of char, which is favored in slow pyrolysis 29) . Such differences were discovered more than 130 years ago 30) . However, it is difficult to define a clear frontier between slow pyrolysis and FP. In addition, "pyrolysis" is unfortunately used in the literature for the basic phenomena occurring at the biomass particle level and also the whole process (from biomass to products conditionings). Different criteria are used for defining FP. They include temperature, heating rate, heat transfer coefficient, available heat flux density, initial size of biomass, and natures and fractions of the reaction products. It is difficult to select a single criterion valid in any practical situation. High temperatures and heating rates are traditionally recommended. However, these parameters cannot be accurately defined nor measured during FP (for Table 8 Rules of thumb for reactor design and process conditions for thermochemical treatment of CCA wood waste hydrocarbons.
-BO yields decrease in the presence of inorganics.
-Char yields increase in the presence of inorganics.
1-13. Most of involved reactions are fast (order of second or much lower).
In addition to chemistry, heat and mass transfer resistances and hydrodynamics may be rate controlling. 1-14. Difficult to derive kinetic data for each involved reaction.
Need to solve complex mathematical models.
both small and thick samples). In a recent paper, Lédé and Authier 31) suggest two general conditions that must be fulfilled at the level of the reacting biomass sample:
high external heat transfer coefficient and efficient primary products removal.
FP processes for bio oils (BO) production
Actually, FP is mainly used for the production of .
FP Products
The product yields at the exit of a FP reactor depend on several elementary phenomena occurring inside the high temperature vessel, i.e., the thermochemical reactions undergone by the biomass particles producing the primary Reacting biomass particle 2-1. Criteria for defining FP depend on the authors. Often reported are (never defined) high temperatures, heating rates, heat transfer coefficient and heat flux density, and also small particles sizes.
No consensus for an universal definition of FP.
2-2. Suggested criteria: high external heat transfer coefficient and efficient primary products removal Advantage: depends mainly on reactor properties 2-3. Biomass thermal reactions are fast.
Far from thermodynamic equilibrium 2-4. Small and moving particles in FP Direct measurements of particle temperature and heating rate under reaction are quasi-impossible. 2-5. Thick samples (ablative pyrolysis)
Internal steep temperature gradients 2-6. In most FP processes: fixed heat source (reactor) temperature Impossible to define heat source heating rate as in TGA. 2-7. Actual reacting sample temperature often much lower than reactor temperature.
-Only achievable through mathematical models -Kinetic studies based on values of reactor temperature make no sense. 2-8. Models take into account chemical and transfer processes. They depend on a great number of physicochemical parameters.
Assumptions on (often badly known) physical constants related to biomass and products vs. temperature 2-9. Because of the steady state achievement by the balance between the external available heat flux and biomass heat demand (globally endothermic), temperature stabilization of the reacting particle.
Actual heating rate during pyrolysis may be very low, even in FP.
2-10. Reaction of biomass and its main components primarily give rise to short life time (few tens of ms) liquid species.
-Phenomenon similar to a phase change (clear evidence in ablative pyrolysis).
-Liquid species subsequently give rise to a great number of reactions.
-No consensus on related chemical kinetics models.
-Liquids may cause interactions (sticking) inside the reactor. Whole FP reactor 3-1. Primary products leaving the particle undergo secondary reactions inside the hot reactor.
Homogeneous and heterogeneous crackings and repolymerizations.
These reactions can be catalytic or not (char, added catalysts). They induce changes of BO yields and properties. 3-2. Extent of secondary reactions depends on reactor gas phase temperature field and also gas phase and particle residence times. In association with results obtained with lignin and hemicelluloses, attempts are made to establish rough estimates of biomass behavior. However, it is difficult to take into account internal interactions between these main components and the catalytic role of inorganics (ashes).
In spite of the great number of papers published on cellulose FP kinetics over a span greater than 100 years, no consensus is reached in the literature. The phenomena occurring during the first moments of the reaction continue to be the object of discussions and debates 35) . It is, however, now well established that cellulose primarily forms lowdegree-of-polymerization species accompanied with a phase These properties are the basis of the so-called ablative pyrolysis.
Temperature, heating rate and kinetics of biomass particle pyrolysis
It is a lmost impossible to directly measure temperature and heating rate of a reacting biomass particle. 
Reactions inside the FP reactor
Once liberated from the sample, the gaseous species .
Rules of thumb
The rules of thumb for FP is summarized in this section and also presented in tabular form in Table 9 . Some of the conclusions related to temperature and heating rate also apply in some TGA conditions. Results obtained in TGA (slow pyrolysis conditions, increasing heat source temperature with low heating rate, and lower biomass reacting temperature) should be carefully used in FP.
FP Reactor level
FP can be carried out in many types of continuous reactor concepts. Reactor models should take into account coupling of phenomena occurring at particle and reactor levels. Primary species liberated by biomass pyrolysis may undergo further reactions inside the FP reactor, modifying the properties and yields of BO. These reactions include homogeneous and gas/solid crackings and repolymerizations.
The extent of these reactions depends on the temperature fields, as well as gas and solid phase residence times distributions.
Whole FP process
Each step of the whole process may also control These considerations do not take into account the need to maximize the overall process energetic efficiency.
For example, use of by-products (char, gases) to provide process heat.
Bio oil
High BO yields of up to 75 % (on a dry feed biomass basis) can be obtained. is expected to be a useful and efficient conversion for these biomass species. The basic reactor concept usually takes the form of a continuous reactor, where the feedstock is first pressurized and then heated to a supercritical temperature.
The biomass feedstock is gasified in the reactor, where a supercritical water atmosphere is achieved. Because of the presence of supercritical water, hydrolysis and the following gasification take place rapidly, and efficient gasification takes place. The effluent from the reactor is cooled down and depressurized so the product gas is spontaneously separated from the liquid phase, and tar-free gas is obtained as fuel.
Here, the fundamental rules of thumb for designing a supercritical water gasification plant are given in terms of reaction kinetics and mass and energy balance.
Rule of thumb on supercritical water gasification
The rules of thumb for supercritica l water gasification are summarized in Table 10 .
Thermodynamics
The most important information for supercritical water gasification should be the composition of the product gas. It determines the heating value of the product gas, as well as its possible utilization. When the proper catalyst is applied and a sufficiently long reaction time is available, the gas composition is known to follow the chemical equilibrium in the reactor 48) . Chemical equilibrium can be calculated using the concept of the minimum Gibbs free .
It allowed calculation of chemical composition for specific atomic mixture that minimized the Gibbs free energy.)
The chemical equilibrium predicts the following. The main components of the product gas are hydrogen, methane, and carbon dioxide. Because of the large amount of water that exists as a reaction medium, the carbon monoxide content is very small. Carbon monoxide is consumed by the water gas-shift reaction. Lower temperature, higher pressure, and higher feedstock concentration lead to a higher yield of methane and lower yield of hydrogen.
Higher temperature, lower pressure, and lower feedstock concentration lead to a lower yield of methane and higher yield of hydrogen.
Behavior of inorganics in the feedstock also follows the thermodynamic behavior 50) . This fact can be applied to the recovery of phosphorus and prediction of ash behavior.
When salt exists, low solubility of salts in supercritical water results in precipitation of salt in the reactor.
Reaction kinetics
The reaction of biomass feedstock in supercritical water cannot be completely elucidated because the biomass itself is a mixture of various compounds, and even one compound such as glucose produces various products. Thus, usually, an increase in the carbon gasification efficiency, the ratio of the carbon atom number in the gas phase to the carbon atom number in the feedstock, is used to express the forward progress of the gasification reaction 51) . For most cases, an increase in the carbon gasification efficiency can be expressed well using first order reaction kinetics.
The gasification rate differs largely from one substance to Table 10 Rules of thumb for supercritical water gasification
Rule of Thumb Beneficial effect 1. Use thermodynamics to obtain gas composition, heat of reaction, and behavior of inorganics.
Easy prediction of the product gas composition. Simple depressurization system another, and measurement is recommended 47) .
It is known that a lower temperature favors ionic reactions and a higher temperature favors radical reactions 52) . Tarry material production results in a reduction in the carbon gasification efficiency and clogging of the reactor. Tarry material production is favored for glucose in the subcritical region 53) and in the supercritical region for guaiacol 54) . Lignin is known to consume hydrogen and retards gasification 55)
.
Energy balance
One of the misconceptions regarding supercritical water gasification is that the energy efficiency of this technology should be very low because of the high temperature and pressure required for the reaction. Heat needed to achieve the supercritical condition matches the heating value of the feedstock and cannot be neglected. .
Catalyst
When no catalyst is added, it is not easy to achieve complete gasification 57) . This is because of tarry material production. . It reacts with supercritical water, slightly reducing the amount present 65) . Metal catalysts are very effective when the reaction temperature is as low as 400 ℃ . However, it is easily deactivated by reaction with minor elements such as sulfur and deposition of salts.
The reaction rate with a catalyst can be expressed as the sum of the reaction rate without catalyst and the catalytic reaction for the case of a carbonaceous reaction.
Feeding
One of the difficulties encountered when designing a supercritical water gasification reactor is feeding solid biomass to a high pressure reactor. If the operation is in batch mode, putting the feedstock in the autoclave and bringing the temperature and pressure to the desired value is not difficult. However, because of the needs of heat recovery discussed above, a batch reactor is not recommended. Packed beds of biomass, if used for feeding procedure, cannot hold the pressure required for supercritical water gasification, which is about 25 MPa.
Meanwhile, considering that water is used as a reaction medium, feeding biomass with water is a good strategy. In this case, the feedstock takes the form of a biomass slurry.
A high pressure pump to achieve 25 MPa is common manure is preferred, and they often take the form of a slurry. However, additional pulverization using a wet disk mill is desirable to avoid clogging of the feeding line.
The piston pump can be equipped with a low pressure slurry pump to feed the feedstock to the piston, a high pressure pump to feed water, and valves to change the line. With the high pressure lines are closed, biomass is fed to the piston, and then after closing the low pressure lines, the valves to the high pressure lines are opened. The high pressure water is then fed to the cylinder, which moves the piston for feeding. For continuous operation, a pair in this set up is needed so that one cylinder is filled with feedstock while the other is sending the slurry into the reactor.
Depressurization
To hold the pressure in the continuous reactor, a depressurization system that allows the high pressure effluent to be continuously removed is needed. When the feedstock is completely gasified and contains no ash or solid catalyst, so no solid is in the effluent, a conventional back pressure regulator is applicable. To protect the back pressure regulator, it is a good idea to place a stainless filter before the regulator when the solid particle content is sufficiently small.
However, that is not always the case. Sometimes, gasification is insufficient, and tarry material or char exists in the effluent flow. In other cases, a solid catalyst, which needs to be recovered, is suspended in the flow. Liquid solid separation using decantation is possible, but it cannot always remove all the small particles that trouble the back pressure regulator.
To reduce the pressure of the slurry flow, capillary tubing is a possibility. By sending the slurry into long tubing with a small inner diameter, a pressure reduction can be achieved. When the flow rate is too small, additional water can be fed for this purpose. This technology was proposed for supercritical water oxidation and has been proven to be effective in the pilot plant of supercritical water gasification. When the solid particle content is too high or when particle diameter of the solid is too large, the capillary tubing will clog, but this can be avoided by controlling the feedstock solid diameter. . The technology to produce FAME from plant oil with the help of alkali-catalyzed transesterification has been completed for the oleo-chemical industry. However, to produce biodiesel more cheaply than oleo-chemical products, , this technology is categorized as a bio-chemical conversion. Table 11   Table 11 Rules of thumb for development of the new biodiesel production technology . This process is characterized by the zincaluminum mixed oxides catalyst and fixed-bed reactor system. The fixed-bed reactor system makes it easy to separate the heterogeneous catalyst from the product stream and also for continuous operation of the process.
However, for this industrial technology, the temperatures and pressures required for heterogeneous catalytic transesterification were more than 473 K and 3 MPa,
. Therefore, great interest has been taken in preparing the highly activated catalyst for the purpose As acid catalysis is useful in esterifying FFA into FAME, utilization of acid-type catalysts such as sulfonated amorphous carbon for the transesterification process allows for omission of the pre-treatment. As a result, the total production process could be simplified. Since the acid-catalyzed transesterification is much slower than the base-catalyzed one, the reaction temperature must be above the boiling point of methanol for acid-catalyzed transesterification. Unfortunately, at the raised reaction temperature it is hard to utilize sulfonated ion-exchange resins as the heterogeneous acid catalyst because of their marked deterioration at raised reaction temperatures.
Also, sulfonated ion-exchange resin is much less active in transesterification than sulfonated amorphous carbon.
Here, it should be noted that methanol is not soluble in plant oil transesterified into biodiesel under mild reacting conditions. Because of this immiscibility, the liquid-liquid interfaces causing the slow mass transfer are formed in the first half of the transesterification. This is shown in Fig. 11 . Under the slow mass transfer condition, the highly-activated catalyst is useless in raising the reaction rate. Therefore, enhanced mass transfer is essential in addition to the highly-activated catalyst. One of the ways to enhance the mass-transfer is to increase the liquid-liquid interface area by promoting the formation of a methanoloil emulsion, which prevents the mass transfer from being the rate determining step. It is possible that the formation of the emulsion is promoted by proper design of the reactor system.
Hydroprocessing
Hydroprocessing, which is utilized for petroleum hydrotreatment, is also useful for hydrocarbons to be . Also, it is important to enhance the quality of the hydroprocessing product by isomerization.
Isomerization seems to be promoted by controlling the acid property of the catalyst support.
Conclusions
In this paper, the rules of thumb for metalimpregnated (CCA) wood treatment by staged pyrolytic distillation, fast pyrolysis, supercritical water gasification, and advanced biodiesel production were introduced. They are emerging technologies, and we hope those who are considering introducing these technologies will find this paper useful for their plant design and system development as well as learning and understanding the fundamental knowledge.
